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ABSTRACT

Monodisperse rhodium (Rh) and platinum (Pt) nanoparticles as small asn were synthesized
within a 4" generation polyaminoamide (PAMAM) dendrimer, a hyperbranched o)yimaqueous
solution and immobilized by depositing onto a high-surface-area SBAeEpporous support. X-ray
photoelectron spectroscopy (XPS) indicated that the as-synthd®izexhd Pt nanoparticles were
mostly oxidized. Catalytic activity of the SBA-15 supported Rh amtbRoparticles was studied with
ethylene hydrogenation at 273 and 293 K in 10 torr of ethyledel@0 torr of H after reduction (76
torr of H, mixed with 690 torr of He) at different temperatures. Catsilygere active without

removing the dendrimer capping, but reached their highest actitéy faydrogen reduction at a



moderate temperature (423 K). When treated at a higher tempe(dide573, and 673 K) in
hydrogen, catalytic activity decreased. Using the sanm@nent that led to maximum ethylene

hydrogenation activity, catalytic activity was also evaluated yoope hydrogenation.

Metal nanoparticles less than 10 nm that were monodisperse andowitblled size and shape
have been synthesized by colloid techniques in recent yearssancharacterized with a combination
of techniques:® However, the synthesis of nanoparticles that are close to or smafidr tima (tens of
atoms) has only been attempted in a few laboratfi€®r these particles, more than 90 % of atoms
are located on the surfd€end the atomic coordination number of ~ 1 nm particles is sniader
that in larger nanoparticles (12 for an f.c.c. lattice) wiiab a substantial fraction of the atoms in the
bulk. At sizes smaller than ~ 1 nm, nanoparticles have shortat-metal bond$!? lower melting
points}***and are easier to be oxidized than larger particf®sAll of these remarkable properties for
~ 1 nm particles could lead to their distinctly different perforogain catalytic reactions. For example,
Xu et al*’ found that the turnover frequency (TOF) of a 20-atom iridium partigls 10 times higher
for toluene hydrogenation than that of a 4-atom iridium clusterg learal® studied the CO oxidation
reaction activity of Si@supported dendrimer-encapsulategh&td Piyo, hanoparticles and compared
with the activity of a Pt/Si@catalyst prepared using incipient wetness impregnation thiaegie
wide particle size distribution. They found that the TOFs gf 10, were 2-3 times greater than that

of Ptoo/SIO, and the incipient wetness impregnated Ptj{Se@talyst. Therefore, it appears that

monodisperse ~ 1 nm particles could yield unique catalytic properties.



A dendrimer templating strategy is very attractive for sysithef ~ 1 nm nanoparticléd.
Polyamidoamine (PAMAM) and poly(propylene imine) (PPI) are tlwstnemployed dendrimers for
synthesis of metal nanoparticles. Size control of metal nandparsynthesized within dendrimers is
realized by their well-defined functional groups and structtré?® For PAMAM dendrimers, the
number of internal tertiary amine functional groups, which atigasds to complex with metal ions,
is determined by the dendrimer generation. The dendrimer provideapiate for the metal ions that
are deposited in the polymer (Step 1 in Scheme 1). The quasisphgpeabranched structure of the
dendrimer (generation 4 and above) supplied not only internal cavitiemfoparticle growth upon
reduction, but also a shell to prevent aggregation of the as-grown nanopariiabsnging the metal
ion to dendrimer concentration ratio (below maximum ion loading), namdpa of ~ 1 nm in
diameter can be synthesized with narrow size distribution. Metal narbggrsuch as Cu, Pd, and Pt,
have been synthesized within the cavities of PAMAM and PPl dendfi&Bimetallic
nanoparticles, such as PtPd, PdAu, PtAu, and PtCu have also been syntfié3ized.

Rhodium catalysts are important in catalytic reactfSnsuch as hydrogenatiGh?®
hydroformylation® carbonylatior?’ and CO oxidatioft and ~ 1 nm particles may lead to discovery
of interesting catalytic behavior. However, the synthesis of ~ Rhmanoparticles has not yet been
reported to the best of our knowledge. In this letter, we répersuccessful synthesis of ~ 1 nm Rh
and Pt nanoparticles in agueous solution using dendrimer templates antdgbquent loading onto a
three dimensional (3D) support, SBA-15. X-ray photoelectron spectrog¥®8) and transmission
electron microscopy (TEM) were used to characterize thgrakesized nanoparticles. Compared to

several commonly used methods, such as incipient wetness impregaatioco-precipitatior



supported nanoparticles prepared by dendrimer templating have nasiaeelistribution (less than
30 %). After reduction in 76 torr of Hmixed with 690 torr of He at different temperatures, catalytic
activity of the SBA-15 supported Rh and Pt nanoparticles was studlieetfylene hydrogenation

(Scheme 2) and pyrrole hydrogenation (Scheme 3).

Synthesis of Rh and Pt Dendrimer Encapsulated Nanoparticles. Dendrimer encapsulated
nanoparticles were synthesized following the method developed by Candksis co-workefs®33
with minor modifications. Generation 4 dendrimers (G40H) were paethrom Dendritech Inc.
(Midland, MI) as 10.20 wt. % methanol solution and used as is. AlRb@endrimer stock solution
was prepared by adding the dendrimer methanol solution to water. mtiender stock solution was
mixed with 15-40 mole equivalent of an aqueous solution of 0.01 M3;RRG| 38-40%) or KPtCl,
(99.9+ %) (Sigma-Aldrich, Inc., St. Louis, MO) in a 20 mL vial. Thal was purged with Ar for 30
min and tightly sealed with a septum. The complexing process bemvetl ions and the internal
amine groups of the dendrimer was monitored by an UV-Vis specior(®&gilent 8453 UV-Vis
ChemStation). As show in Figure 1, absorption bands at 200, 226, and 300 nreetedraaatically
within the first 2 h of complexation, which could arise from ligathange reactions between
chloride, water, and the internal amines within G4OH dendrifidrAfter 2 h, absorption bands
decreased slowly. Since the absorption spectrum only changed séfibtlan 18 h exchange under
static conditions for the RhgG40OH solution (66 h for gPtCL/G40H solution), we choose 18 h as

the complexation time for the RhE40OH solution. After 18 h, 20 fold of freshly prepared 0.5 M

NaBH, was injected into the vial drop wise during vigorous stirringe NaBH, solution was kept at



0 °C before injection. The reaction solution was stirred for an addit®ha(8 h for platinum). As
shown in Figure 1, the absorption of the solution above 300 nm increasethafreduction, which
indicated the formation of metal nanopartid®® The reaction solution (10 mL) was purified by
dialysis against 2 L of DI water in cellulose dialysis sagkt a molecular weight cutoff of 12 000
(Sigma-Aldrich, Inc., St. Louis, MO). Dialysis occurred over 24 ithwhe water being changed 4
times. The size of the nanoparticles was measured by TEM TEEnhai G S-Twin electron
microscope at an accelerating voltage of 200 kV). As shown by tveiffiage of the GA40OH(R%)
nanoparticle in Figure 2, diameters of the G4OHgRhanoparticles were 1.0 = 0.3 nm by counting

more than 100 particles.

X-ray photoelectron spectroscopy (XPS) study. XPS was used to characterize the dendrimer
encapsulated Rh and Pt nanoparticles after deposition of the assgedheanoparticle solution onto

a silicon wafer. XPS experiments were performed on a P&ilkmer PHI 5300 XPS spectrometer with
a position-sensitive detector and a hemispherical energy analyzan ion-pumped chamber
(evacuated to 2 x 10Torr). The Al K, (BE = 1486.6 eV) X-ray source of the XPS spectrometer was
operated at 300 W with 15 kV acceleration voltage.

Figure 3a shows the XPS spectrum of dendrimer encapsulatgachdttoparticles. The Rh 3¢
peak was fit by two peaks with binding energiBg)(of 307.3 and 309.2 eV, corresponding to the
metallic Rh (0) and oxidized Rh, respectively. Only 56 % of the Rbl metallic. The remaining
portion, 44 % of the total Rh, was oxidized, which could be caused bgxpasure during the

preparation of the XPS sample and/or incomplete reduction ofsRlu@hg synthesis. However, the



peak at 309.2 eV can not be simply assigned tgORbr RhQ, whose Rh 3¢ peaks are around
308.3 and 308.6 eV, respectivélyThe peak at 309.2 eV may be due to the unreduc&t Rhich
formed complexes with CIH,O, and the internal amine groups of dendrimer. This observation also
indicated that Rh complexes are strongly bound and remained vighdendrimer even after dialysis.

XPS spectra of dendrimer encapsulated Pt nanoparticles epenead>32*°but the observations
were not consistent. Zhao et*alobserved that the Pt4fpeak appeared at 71.3 eV for dendrimer
encapsulated Rt nanoparticles, which indicated complete reduction &f ®t Pt (0). Ye et af®
observed that the PtAfpeak presented at 73.0 eV for dendrimer encapsulajeddPbparticles. The
higher binding energy of Rtnanoparticles than that of bulk Pt (0) was attributed to the edffeats
small size and dendritic ligands. Ozturk ef’flound Pt 4§, peaks located at 74.6 and 73.3 eV for
dendrimer encapsulatedsfPhanoparticles deposited as a thick layer and a thin layer, tegbecrhe
authors explained the higher binding energy by the charging of the idendencapsulated
nanoparticle film and the incomplete reduction of*PTo clarify these discrepancies, we also
examined the dendrimer encapsulated &i1d Pi, nanoparticles using XPS.

As shown in Figure 3b, the main Pt4ipeak for the dendrimer encapsulategh Ranoparticle
was located at 73.5 eV, which is close to the observation by Oetwak® on a thin layer of R§
nanoparticles. We think that the observed higher Bt 4finding energy (73.5 eV) of Bt
nanoparticlesBE = 71.2 eV for metallic Pt) was due to unreduced. Fthe major Pt 4f, peak also
has a small shoulder at 71.2 eV, which was attributed to metallierémn deconvolution of the Pt
4f;, peak, only ~ 7 % of total Pt was metallic, which agreed wifirewvious EXAFS study that

showed Pt remained oxidized after NapBékposuré® Similar behavior was also observed on the



dendrimer encapsulated;fPhanoparticles (data not show here).

Immobilization of Dendrimer Encapsulated Rh and Pt Nanoparticles onto Mesoporous Silica
SBA-15. The dendrimer encapsulated Rh and Pt nanoparticles are immobiliped SBA-15 silica
mesoporous support before catalytic studies. The SBA-15 silicaswdbkesized by the method
reported in the literatur®. The SBA-15 silica support had a pore diameter of ~ 7 nm. The sarfeae
and pore volume were 757°mg* and 1.0 crg?, respectively. The nanoparticle solution was mixed
with SBA-15, and then the slurry was sonicated for 3 h at room tetupetay an ultrasonic cleaner
(VWR, 75T, 120 W, 45 kHz). The nanoparticle loaded SBA-15 was separat@dsblution by
centrifuging (Thermo Scientific IEC Centra® CL2) at 4200 rfon 6 min. After separation, the
solution became colorless (dark brown color originally), which indicdted deposition of the
dendrimer encapsulated Rh and Pt nanoparticles onto SBA-15. Then® gressible interactions for
the loading of dendrimer encapsulated nanoparticle onto SBA-15, oslatic interaction and
hydrogen bonding between dendrimer and sffidairst, the isoelectric point (point of zero charge) of
silica materidf® is around 2 and the loading process is performed in a solution witf pHAt this
pH, the PAMAM dendrimer is positively charg&dwhile the surface of SBA-15 silica is negatively
charged. Therefore, strong electrostatic interactions exiséégdeen the dendrimer encapsulated
nanoparticles and SBA-15. Second, the PAMAM dendrimer is terminatedéwihydroxyl groups,
which could form multiple hydrogen bonds with hydroxyl groups on theaserbf SBA-15 silica in
water?

After separation, the bottom slurry, the SBA-15 supported nanoparditalyst, was dried under



ambient conditions for 2 days and then at 100 °C for 4 h. The dried tatalyghen finely ground.
The successful loading of the dendrimer encapsulated nanoparticlesm@stporous SBA-15 silica
was confirmed by TEM and elemental analysis. The actual lgadihRh and Pt onto SBA-15 were
measured to be 0.3 and 0.6 wt.% by inductively coupled plasma (IC&jaspetry, respectivelf’
Also, as shown in Figure 4, the nanoparticles were well distributedtbge3D mesoporous silica
support and appeared slightly larger than unsupported ones (as shownear2rigdowever, it is very
difficult to accurately measure the size of small nanopestion 3D supports. TEM images taken
from nanoparticles loaded onto 3D supports often suffer from lowasirdue to the decrease of the
supporting material’s electron transparency and this behavior isifledgas particle size decreases.

Nanoparticles on 3D supports are also in different focal planes during TENhiniag

Ethylene and pyrrole hydrogenation reactions. Ethylene and pyrrole hydrogenation reactions were
performed on the 3D mesoporous silica supported Pt and Rh catalygtacspheric pressure in
laboratory scale flow reactors. Samples were diluted with loface area quartz and loaded into
qguartz reactors. Temperature was controlled by a PID contr@iatlow 96) and a type-K
thermocouple. Gas flows (all from Praxair and UHP) were etgdl using calibrated mass flow
controllers. Before the reaction, samples were reduced in 50 mt ofi76 torr of B with a He
balance for 1 h at a desired temperature. For ethylene leydatign, the gases were 10 torr of
ethylene, 100 torr of Hwith a balance of He. For pyrrole hydrogenation, the feed wiasr4of
pyrrole (Sigma-Aldrich, >98%) and 400 torr of With a balance of He. The desired partial pressure

of pyrrole was achieved by bubbling He through pyrrole and assuming satft&or both reactions,



gas composition was analyzed with flame ionization (FID) andntileconductivity (TCD) detectors
on a HP 5890 Series Il gas chromatograph (GC). No conversion was observed foeadti@m when
unloaded SBA-15 was tested under the same conditions. Turnover frequeemedetermined by
normalizing the conversion (always less than 20%) to metal surface atamsrags$00% dispersion.
We found that SBA-15 supported dendrimer cappeg Rid Pi, nanoparticles have activity for
ethylene hydrogenation without any pretreatment (Figure 5)edM@r, we evaluated the effect of
reduction (76 torr of Hlwith a He balance) at different temperatures upon ethylgdedgenation
activity for the SBA-15 supported Rhand P4, catalysts. As shown in Figure 5, the highest activity
occurred for both the RHSBA-15 and R/SBA-15 catalysts after reducing the samples at 423 K for
1 h. After this low temperature reduction, the TOF of8BA-15 increased from 0.60 to 0.83and
the TOF of P&/SBA-15 increased from 0.5 to 3.7 when the ethylene hydrogenation reaction was
carried at 293 K. This mild pretreatment condition did not cause ansgrvable sintering of
dendrimer encapsulated Rh and Pt nanoparticles by TEM, which ialdarcstudying catalysis over
~ 1 nm particles. The activity increase for thefBBA-15 and RBY/SBA-15 catalysts after the low
temperature treatment in 76 torr of with a He balance was due to the reduction of oxidized Rh and
Pt to Rh (0) and Pt (0), which are both more active for hydrogenadamtions than the respective
oxidized species. As discussed before, XPS showed that the as-synthesiztiFH, nanoparticles
contained a large portion of oxidized species so reduction during weptus 76 torr of K with a
balance of He at 423 K for 1 h is plausible. Partial decompositiderafrimer capping by reductitin
at 423 K could also contribute to the increase of reaction actitt reduction at 473 K for 1 h in

76 torr of K with a balance of He, TOFs for RISBA-15 and R/SBA-15 decreased slightly. When



the reduction temperature was further raised to 573 K, TORH@ISBA-15 and Bt/SBA-15 again
decreased. After reduction at 673 K, severe deactivation £fF8A-15 and By/SBA-15 catalysts
was observed. Since TOFs were calculated assuming 100% dispeistreased activity after high
temperature treatments was most likely due to sintering of sigpp&hy and Pi, nanoparticles,
which resulted in a decrease in the number of active sitesMiftage (Figure 6) of the RHSBA-
15 catalyst after thermal treatment at 673 K for 1 h showed sinagre sintering of the Rh
nanoparticle occurred. However, other reasons for the deactivatidn,asucoke formation from
dendrimer decomposition, cannot be excluded.

In Table 1, initial ethylene hydrogenation activities for SBA-Lipported dendrimer Rh and Pt
catalysts are compared to PVP capped nanoparticles and Pt(1RN@Ad) single crystals. Ethylene
hydrogenation activity was measured over PVP capped Rh nangsadicB50 K, but activation
energies were not reportédConverting our data over RfSBA-15 and Rky/SBA-15 catalysts to
350 K, TOFs were ~ 32’swhich was higher than that of the PVP capped Rh nanoparticles.feOFs
the Rhs/SBA-15 and Rky/SBA-15 catalysts were lower compared to the Rh(111) single cry&8@8at
K. For the dendrimer encapsulated Pt catalysts, TOFs were lower than thatt¢fi1hg $ingle crystal,
but comparable to PVP capped Pt nanoparticles. The lower TOFs ofetldeimer encapsulated
nanoparticles compared to single crystals were likely caugedebdendrimer capping, which could
block a portion of the active sites. Other factors, such as suppaécines or size induced property
changes (i.e., electron deficiency) for ~ 1 nm particles, laelikely involved. Activation energies
(Table 1) for the RlySBA-15 and Rky/SBA-15 catalysts were only slightly higher than that of the

Rh(111) single crystal. For the,fEBA-15 and Rt/SBA-15 catalysts, activation energies followed

10



similar trends.

Catalytic activity over these dendrimer encapsulated nanopartislas also exhibited by
performing pyrrole hydrogenation (Figure 7). Both Rh catalgisplayed similar activities and 100%
selectivity to pyrrolidine. Moreover, Rh catalysts displayedher activity than the Pt catalysts.
However, over the Pt catalysts, the reaction was able to proesead just the first step as n-
butylamine became a prominent product (Rh catalysts producedynijigine at these temperatures,
data not shown). Butane was also observed as a minor product over Pt (not shesamyesults were
in agreement with single crystal kinetic data, which showed T®Fs0.05 & between 298 and 413
K over both Pt(111) and Rh(111) surfaces and more C-N bondosceer the Pt(111) surface than
the Rh(111) surfac¥. As supported by several pieces of evidence, these resultsumedday n-
butylamine poisoning of the catalyst surfaces. First, sum-frexyugeneration spectra over Pt(111)
and Rh(111) surfaces demonstrated no N-H bands at 363 K, which sdggesing Pt-N (no H
binding to N) interactiond” Secondly, butane formation was reported to occur more rapidly over Pt
supported catalysts when pyrrolidine was used as the reactant rather thalamibaf§f Additionally,
we also found that the BISBA-15 and Ri/SBA-15 catalysts were very stable during pyrrole and
ethylene hydrogenation. On the other hand, thge/BBA-15 and Rky/SBA-15 catalysts lost ~ 30 %
of their activity after 10 h of ethylene hydrogenation and simndaults were observed during pyrrole
hydrogenation over 3 h. Complete analyses of these results, includingartson to larger
nanoparticles (2 to 10 nm) prepared by other synthetic procedunesmnskeated that pyrrole

hydrogenation is structure sensitive and will be performed in a future publication
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Discussion of catalytic activity. It was reported previously that the dendrimer encapsulated Pt
nanoparticles had no activity before removing the dendrimer cappifigwas proposed that
dendrimer collapsed onto the nanoparticle surface upon drying and blotketva site$:**° Even
for small molecules like CO, FTIR studies showed that it cama®drb onto dendrimer encapsulated
Pt nanoparticle surfaces when the dendrimer encapsulated nanepasgsckupported and dried on
silica andy-Al,O; supports:*® High temperature thermal treatments ( >309 in O, and H were
needed to activate the dendrimer encapsulated nanop#Hitf8. However, high temperature
treatments usually induce aggregation for small nanoparticlesexamnple, Sun et &f. found the
height of a dendrimer encapsulatedifainoparticle increased from 0.8 to 2.4 nm on plane mica
surface after flowing @at 903 K for 10 min. The decrease in the density af Rednoparticles
suggested that the nanoparticles diffuse on the mica surface dhenthermal treatment and
agglomeraté? When dendrimer encapsulatedsPhanoparticles were deposited gmAl,Os, an
EXAFS stud{® showed that the nanoparticles increased from ~ 1 nm to above ftenra &reatment
at 673 K. Even when the dendrimer encapsulated Au or Pd nanoparteriesembedded within a
titania support, Scott et al.found that the nanoparticle size increased from 2 to 2.7 nm after
calcination at 773 K. The diameter of the nanoparticles furtherasedeto 4.4 nm when the
calcination temperature was 823 K. Similar behavior was also ols&weitania-supported PdAu
bimetallic nanoparticle%:

To study catalysis over ~ 1 nm particles, their aggregation induced by high-aéimgéreatments
should be avoided. We used an ordered mesoporous silica support, whicheahigiet the dendrimer

collapse on the nanoparticle surface before any thermal gtreet and keep a larger potion of the

12



nanoparticle surface available for catalysis compared to amorpiimas asd y-Al,O3 supported
nanoparticle§:**® The mesoporous SBA-15 used in this study has closely packed Ipahaifmels
with a diameter of 7 nm, which is just slightly larger thha diameter of a generation 4 PAMAM
dendrimer. When the dendrimer encapsulated nanoparticles are logmdgei channels of SBA-15,
the internal surface of the channel could provide a 3D support foettdricher framework by strong
electrostatic interactions and hydrogen bonding between the terhydebxyl groups of G40OH
dendrimers and the internal surfaces of SBA-15. These could rendeurtfaee of dendrimer

encapsulated metal nanoparticles accessible to reactants duringccegabions.

Conclusion.

Synthesis of ~ 1 nm monodisperse Pt and Rh nanoparticles was datednsising a
dendrimer templating approach. XPS indicated that the as-symtid2lz and Pt nanoparticles were
mostly oxidized. Dendrimer encapsulated nanoparticles were immeabibnto a high-surface-area
SBA-15 mesoporous support by electrostatic and hydrogen bonding irtesacgtween dendrimers
and the silica support. Catalysts were active for ethylgmmeogenation without any pretreatment,
which could be due to the 3D support provided by SBA-15. The 3D support exagnpdendrimer
collapsing on the nanoparticle surface and blocking their active Aities a mild reduction (423 K)
in 76 torr of H with He balance, catalytic activity was maximized fdryéne hydrogenation due to
reduction of the oxidized Rh and Pt in the as-synthesized nanoparigistence of catalytic activity
and preservation of the small particle size after low tenerdreatments represents a significant

advance for further reaction studies over these small nanoparRedsaction at higher temperatures
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(473, 573, and 673 K) led to decreased activity and was believed to leel dgusintering. Catalytic

activity was further demonstrated over the dendrimer encapsulareaparticles for the pyrrole

hydrogenation reaction.
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Table 1 Ethylene Hydrogenation Rates and Activation Energy of-13BSupported Rh and Pt
Nanoparticles

theoretical number of Ea hbec
catalyst metal atoms per (kcal/mol) TOF (s~
particlé

Rhi5/SBA-15 15 11.4 1.0
Rhsy/SBA-15 30 12.3 1.0
Rh NP$® 7-33k ~ 0.8
Rh (11152 ~ 8.0 4.2
Pty/SBA-15 20 12.2 4.3
Puo/SBA-15 40 11.5 3.3
Pt NPS® 0.2-10k 10 35
Pt (111%* ~ 10.8 6.1

@For Rh and Pt NPs, the number of metal atoms per nanopartagénsated by assuming a spherical
shapeP Initial rates corrected to 10 Torri,, 100 Torr H, and 298 K using corresponding activation
energies and assuming zero order and first order dependence fenethyld K respectively. The
dendrimer encapsulated Rh and Pt nanoparticle catalysts waeapge with 76 torr Hand 690 torr
He at 423 K for 1 h®For dendrimer encapsulated Rh and Pt nanoparticles, TOF wasatadcohsed
on 100 % metal dispersiohReaction conditions were 20 TorgH;, 100 Torr H, and 350 K.
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Figure 1. Time-resolved UV-vis spectra of aqueous G4O/jRsolution and after 3 h reduction by
NaBH, to yield G4OH(Rl). The concentration of G4OH is 1,81. The optical path is 1.0 cm. A
dendrimer solution of the same concentration is used as the background.
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Figure 2. TEM image of G4OH(R$) nanopatrticles.
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Figure 3. X-ray photoelectron spectra of dendrimer encapsulat&hdaand (b) Pf nanoparticles.
For Rh nanopatrticles, 44% of the Rh was oxidized whereas 93 % &4 thas oxidized for the Pt
nanoparticles.
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Figure 4. TEM images of dendrimer encapsulated (ap &id (b) Pi nanoparticle immobilized on
SBA-15, denoted as B#SBA-15 and Ri/SBA-15, respectively.
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Figure 5. Initial Ethylene hydrogenation activity over (d);f/5BA-15 and (b) By/SBA-15 after
reducing in 76 torr of K balanced with He at different temperature. Reaction mixt@ae 10 Torr
CzH4 and 100 Torr K
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with He balance at 673 K for 1 h. Many nanoparticles largan 2 nm are observed due to the
sintering of small Rk nanoparticles.
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Figure 7. Reaction results for pyrrole hydrogenation over (ay 8#A-15 and REy/SBA-15 and (b)
Pto/SBA-15 and R/SBA-15 catalysts. Catalysts were reduced at 423 K in 76 tdflp afixed with
He in the ratio of 1:10 for 1 h prior to the reaction. Reaction coanditwere 4 torr pyrrole and 400

torr H.
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